This study was designed to assess the capacity of beef extract reagents to form flocs suitable for virus adsorption. Reagent comparisons resulted in the establishment of a modified organic flocculation procedure to concentrate viruses desorbed from sewage sludge solids with currently available modified powdered beef extracts. The method, based on supplementation with paste beef extract floc, achieved virus recoveries comparable to those obtained with powdered beef extract produced before a 1979 change in the manufacturing process. When primary settled sludge solids originating from mostly domestic waste were eluted with an unsupplemented modified powdered beef extract, high virus recovery efficiency was observed upon concentration by organic flocculation. This appreciable increase might have been due to floc-forming substances that were present in the primary settled sludge. These substances did not appear to be present in settled sludge collected from biologically treated wastes. Apparently, the floc-forming substances had been either removed or substantially altered during biological treatment.
Beef extract is currently a key element in the routine recovery of human enteric viruses from municipal sludges and other solids (1, 4, 5, 9, 10) . Powdered beef extract is recommended for eluting bound viruses when processing environmental samples (4) . Integrated into this methodology is a virus concentration scheme described by Katzenelson et al. (12) . This technique is based on an organic flocculation procedure (3) which consists of lowering the pH of the powdered beef extract eluate to 3.5, separating the resulting floc (to which viruses are effectively bound) from the supernatant by centrifugation, and solubilizing the floc in a relatively small volume of phosphate solution to release the viruses for assay.
The simplicity of this concentration method has been a valuable asset to monitoring for waterborne viruses. However, a 1979 modification in commercial manufacture of powdered beef extracts greatly reduced the virus recovery efficiency during the organic flocculation procedure (11) . This led to concentration of viruses in beef extract eluates by other flocculation methods, including flocculation with Celite (8) , ferric chloride (16) , and ammonium sulfate (17) 
MATERIALS AND METHODS
Viruses and viral assay. All virus assays were performed with a continuous African green monkey kidney cell line designated BGM (2, 6) . The BGM cells employed in this study were in passages 173 to 196. The methods for propagation and maintenance of the BGM cells have been previously described (7) . Viruses were titered in screw-capped bottles by the plaque assay method (6) . Poliovirus 3.5 with 1 N HCI. The resulting flocs were pelleted by centrifu-gation at 2,500 x g for 15 min, and the supernatants were decanted and discarded. The pelleted floc was suspended in either 330 ml of 3% or 100 ml of 10% modified or nonmodified powdered beef extract solutions.
Dry weight of paste beef floc. Paste beef extract was dissolved in 1,500 ml of distilled water to a concentration of 3% (wt/vol), autoclaved, and then divided into 100-ml samples, which were adjusted to pH values between 3.0 and 5.0. The acidified samples were passed through preweighed 0.45-,um (47-mm-diameter) Millipore MF-type membrane filters, and the flocs retained on the filters were dried to a constant weight at room temperature (22 to 25°C).
Organic flocculation procedure for concentration of seeded virus. To prepare the beef extract solutions, the reagent was dissolved in distilled water to a concentration of 3% (wt/vol), autoclaved, and then divided into 330-ml samples to which was added 1 ml of the virus stock. Each sample was mixed on a magnetic stirrer for 10 min, and 10 ml was removed to determine the initial virus input. Unless otherwise stated, these solutions were adjusted to pH 3.5 by the addition of 1 N HCl and the resulting floc was mixed on a magnetic stirrer for 30 min. The floc was pelleted by centrifugation at 2,500 x g for 15 min. The decanted supernatants were adjusted to pH 7 with 1 N NaOH. Flocs were dissolved in 16 Fig. 1 . The eluates from two of each set of three samples were supplemented with paste beef floc, whereas the third sample received no floc supplement (see Table 5 ). In the two eluates supplemented with paste beef floc, one was suspended in the 10% beef extract at the virus elution step, and the other was suspended in the distilled water used to reduce the beef extract concentration at the floc concentration step. In the experiment shown in Table 7 , the paste beef floc was added only at the floc concentration step. sample was processed by the procedure given in Fig. 2 . The pelleted sludge flocs that were formed from two of the samples were retained for use in the second-step concentration scheme described below. The pelleted sludge floc from the third sample was dissolved in dibasic sodium phosphate for subsequent assay of the initial virus content of the sludge solids.
Poliovirus type 1 was added to a sterilized solution of 3% modified powdered beef extract, mixed for 1 h on a magnetic stirrer, and then divided into three 330-ml samples. One sample received no floc supplement, one sample was supplemented with one of the two pelleted sludge flocs prepared above, and the third sample was supplemented with both a paste beef floc and the other pelleted sludge floc. Each was then processed by the organic flocculation procedure and evaluated (see Table 6 ).
RESULTS
Only trace amounts of floc were visible in the organic flocculation procedure with a post-1979 modified powdered beef extract lot. Viral recoveries with this reagent were far Sludge (100-mi aliquot) Paste beef extract solutions acidified to pH levels of 3.5, 4.0, and 4.5 formed greater amounts of floc than those at pHs of 3.0 and 5.0 (Table 3) . Paste beef floc was added as a supplement to modified powdered beef extract solutions, and the seeded viruses in each of these solutions were concentrated by an organic flocculation procedure in which the final pH was adjusted to the same pH at which the supplemented paste beef floc was formed. The control samples, which were adjusted to pH 3.5 but not supplemented with the paste beef floc, had virus recoveries that again ranged between 2 and 5%. Of the solutions that were supplemented with floc, virus recoveries were highest where flocculation was performed at pH 3.0, 3.5, and 4.0. At these three pH levels, only minor differences in virus recoveries were observed (Table 4) . A much-reduced recovery was obtained from extracts adjusted to pH 4.5, as discussed below. The average number of viruses recovered at this pH equaled only about one-half the number that had been recorded for solutions flocced at the lower pHs. When extracts were adjusted to pH 5.0, virus recovery was below that of the control sample. The bulk of the virus remained in the supernatants in those solutions with poor virus recovery from the flocs.
The marked differences in recovery of seeded viruses, observed after organic flocculation with and without the addition of paste beef flocs, were also seen with activated sludge solids but did not occur upon concentration of indigenous viruses from primary sludge solids (Table 5) . Although the addition of paste beef floc resulted in a virus titer higher than that obtained from nonsupplemented samples, in primary sludge these differences were relatively small, averaging an increase of 30 to 42%. Moreover, after virus elution from the primary sludge solids the modified beef extract sludge eluates that received no paste beef floc supplements formed a visible floc when the pH of the eluate was adjusted to 3.5 When a sludge floc from these primary sludge solids was added to a modified powdered beef extract sludge eluate, there was, upon concentration, a marked increase in recoveries of the seeded virus (Table 6 ). Although virus yields resulting from this floc addition were substantial, they were still appreciably (30%) lower than those recovered when the sludge and paste beef flocs were combined.
The same effect was not obtained with indigenous viruses isolated from settled activated sludge samples (Table 5) . In these samples, supplementing the modified powdered beef extract sludge eluates with paste beef floc resulted in fourfold greater virus yields. Also absent were the visible flocs noted with eluates from the primary sludge solids. Table 7 provides additional findings on the increased virus recovery effectiveness of supplementing solutions of modified powdered beef extract with paste beef floc. These data showed differences in virus recoveries even greater than those reported in Table 5 for the settled activated sludge from Muddy Creek. With one exception, the nonsupplemented eluates from the thickened primary and activated sludges gave virus titers that were less than 12% of the yields obtained by adding paste beef floc to these sludge eluates. These differences were even more striking upon concentrating viruses eluted from anaerobic and aerobic mesophilically digested sludge samples. In the latter, use of paste beef floc supplements increased indigenous virus detection sensitivity by more than 95%. Out of seven anaerobic mesophilically digested sludge samples, six yielded viruses only when the eluate was supplemented with paste beef floc. Flocs were not observed in these sludge eluates upon their adjustment to pH 3.5 in the absence of the paste beef floc supplement.
DISCUSSION
The accuracy of virus-monitoring data from environmental samples depends greatly on the efficiency of concentration procedures used to reduce the sample volumes to a quantity which can be economically titered on cell cultures. The effectiveness of the organic flocculation procedure commonly used to concentrate viruses is greatly reduced when powdered beef extract prepared after its 1979 manufacturing modification is used in the analyses. Although the manufacturing change resulted in a product which retained its viruseluting capacity, it reduced the product's capacity to form suitable quantities of floc on which to adsorb the eluted viruses, thereby markedly lowering virus recovery efficiencies (Table 1) . Paste beef extract preparations can also be used to elute viruses adsorbed to disc and cartridge-type filters, sludges, soils, sediments, and other surfaces, but virus recoveries by organic flocculation were no better than those reported for the modified powdered beef extract. However, acidified paste beef extract preparations produce a floc which, if used as a supplement in modified powdered beef extract solutions, is as effective in concentrating viruses as the nonmodified 1979 powdered product.
A possible explanation for the low viral levels adsorbed to flocs from acidified paste beef extract solutions is the presence of highly competitive sorbents in the extract which either compete with the floc surface for virus adsorption sites or combine directly with the virus in competition with the floc.
The improvement in virus recovery achieved by supplementing modified powdered beef extract preparations with paste beef flocs suggests that the floc fraction of the paste beef extract is free of the competitive sorbents, thereby permitting a marked increase of viral sorption to the floc. The dry weights of paste beef flocs formed at pH 4.5 were about 2.5 times greater than those obtained at pH 3.0. However, the average recovery of seeded viruses was twofold greater at pH 3.0 than at pH 4.5. An explanation for this apparent anomaly may be found in the known mecha- (14) . Acidifying water to pH 3.5 is commonly practiced for enhancing virus-adsorbing capacity of electronegative filters used to isolate viruses from polluted water samples (4) . It is also the pH generally used for concentrating viruses by the organic flocculation procedure (4). However, the results in Table 4 show that there was no general difference in virus recoveries at pH 3.0, 3.5 and 4.0. In the first phase of this study, we observed that modified powdered beef extract preparations, when used alone, yielded low recoveries of seeded viruses by the organic flocculation procedure. However, high recoveries were obtained when modified powdered beef extract was used to elute and concentrate indigenous viruses from primary settled sludges collected from two treatment systems handling mostly domestic sewage. Applying the concentration procedure to viruses eluted from activated sludge solids collected from one of the above plants, the virus adsorption process was strongly enhanced only when eluates were supplemented with paste beef floc. Subsequent studies undertaken with samples of anaerobic and aerobic mesophilically digested, settled thickened primary and settled thickened activated sludges further confirmed paste beef floc as an effective supplement for virus concentration. The observation of a visible floc on concentration of the primary sludge eluate clearly suggested that the floc-forming substances had stemmed directly from the primary sludge solids when modified beef extract alone was used as the eluent. This was confirmed by supplementing the modified powdered beef extract solutions with floc prepared from primary sludge solids. Floc-forming substances were not apparent in beef extract eluates prepared from samples of thickened primary sludge collected at the Mill Creek sewage treatment plant (Table 7) . It is possible that the characteristics of the incoming sewage were responsible for the differences, since most of the sewage coming into this plant is of industrial origin. The finding that floc-forming substances were either absent or present in very low concentrations in sludge solids which had been subjected to biological treatment processes suggested that these substances were either sedimented during primary treatment or degraded as a result of subsequent microbiological activity.
The technique of supplementing modified powdered beef extract solutions with paste beef floc is one way of overcoming the deficiency which results from current manufacture of commercially available powdered beef extract. It is a relatively simple procedure that should prove practical for reducing the volume of beef extract eluate to the manageable quantities needed for assaying viruses by cell culture techniques.
